ABSTRACT The matrix proteins that participate in crystalization fulfill important functions during the formation of the calcified tissues and contribute to the biomechanical properties of the mature product. We suggest that osteopontin (OPN) is part of an array of macromolecules synthesized and secreted by the cells adjacent to the mineralization front that self-assemble outside the cell and direct crystal formation. The OPN meets the theoretical requirements for involvement in the mineralization process. The phosphorylated residues of acidic phospho-
INTRODUCTION
The quality of the eggshell is of primary concern to the poultry industry. The successful development of chicken embryos is dependent upon a robust eggshell for mechanical protection, protection from infection, prevention of water loss, and as a primary source of calcium for the embryonic skeleton. On the other hand, the commercial production and marketing of eggs exposes them to insults that cause a high rate of broken or cracked eggshells and are responsible for major economic losses to the egg producer. Additional losses occur in the highly mechanized washing, grading, and packing procedures. A simple increase in shell thickness is not a satisfactory goal, because shell thickness affects gas and water exchange, and a thicker shell presents a greater obstacle to the emerging embryo. In addition, shell thickness accounts for only a small fraction of the shell resistance; therefore, other characteristics of the shell should be assessed.
To improve eggshell quality, it is necessary to identify the molecular constituents involved in the mineralization of the eggshell. Biological molecules guide mineralization processes through a series of specific and definable calcium-biomolecule interactions that lead to the deposition of specific and uniquely oriented crystalline structures (Weiner and Addadi, 1991) . The process of mineralization in the avian eggshell follows a spatio-temporally defined 1 To whom correspondence should be addressed: vlmpines@volcani. agri.gov.il.
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protein have been shown to exist in the protein as reactive monoesters that are available for interaction with other ions, among them crystal constituents such as calcium ions. In addition, sulfation of OPN was also found to be associated with mineralization of other tissues. In contrast to the calbindin gene, whose expression is dependent on the calcium flux, the regulation of OPN synthesis is at least in part dependent on the mechanical strain imposed by the resident egg. These results demonstrate the complexity of the regulation of the matrix genes governing eggshell formation.
series of events that correlate to specific regions along the oviduct (Arias et al., 1993) . Eggshell assembly and mineralization are guided by an array of biomolecules that follow a set of biological principles for the mineralization process. Thus, identification of eggshell matrix proteins and their genes along the successive segments of the oviduct is a major goal in the process of improving eggshell quality.
EGGSHELL FORMATION
The eggshell is formed during passage of the egg through the oviduct, with the various layers of the eggshell assembled sequentially as the egg passes through the successive sectors of the oviduct. After fertilization of the ovum in the infundibulum and secretion of albumen in the magnum, the egg enters the isthmus 2 to 3 h after ovulation. In the isthmus, the granular cells secrete various components of the shell membranes such as collagen type X (Arias et al., 1991 . Most of the calcium deposition in the eggshell occurs in the eggshell gland (ESG) (Creger et al., 1976; Stemberger et al., 1977) . Approximately 5 to 6 g of calcium carbonate is deposited into the chicken eggshell during its formation; most of this occurs during approximately 17 of the 20 h during which the egg resides in the ESG. The rapidity with which this large amount of calcium is deposited makes eggshell Abbreviation Key: ESG = eggshell gland; OPN = osteopontin; EGF = epidermal growth factor; PTH = parathyroid hormone. mineralization one of the most rapid biomineralization processes known.
INVOLVEMENT OF MATRIX PROTEINS IN MINERALIZATION
The organic matrix components of biologically driven mineralization play a role in the control of crystallization. Extracellular matrix proteins of biomineralized structures influence the strength and shape of the final structure of calcium phosphate (apatite) or calcium carbonate (calcite) by modulating crystal nucleation and growth (Weiner and Addadi, 1991) . Various proteins of the eggshell have already been identified, for example ovocleidin 17 in the palisade and mammillary layers , ovalbumin in the mammilary knobs (Hincke, 1995) , lysozome and ovotransferrin (Gautron et al., 1997) , dermatan sulfate proteoglycan in the palisade region (Carrino et al., 1997) , and keratan sulfate on the starting mammilae . Some of the biomolecules, of which there is evidence for a regulatory role in biomineralization, are acidic in nature. In some cases they are located at the interface between the crystal and the extracellular matrix, whereas in others they can actually be found within the crystals. Usually, these acidic proteins are associated with more hydrophobic macromolecules (such as collagen type I in bone) to form extensive three-dimensional structures. Many similar examples have been described for other phyla having mineralized skeletal structures (Weiner and Addadi, 1991) .
PHOSPHOPROTEINS AND CALCIFICATION
Phosphorylated extracellular matrix proteins are thought to play an integral role in the process of the in vivo formation of vertebrate mineralized tissues (Glimcher 1985 (Glimcher , 1989 . Such proteins were found in almost every mineralized tissue that has been shown to undergo controlled mineralization. Phosphorylated proteins were isolated from the extracellular matrices of dentin (Veis and Perry, 1967) and from mammalian (Denhardt and Guo, 1993) and chicken (Gotoh et al., 1990) bones. Most of these acidic phosphoproteins contain regions in which seven to nine consecutive residues are aspartic acid, which is essential to ensure that calcium bind in such a way that it can interact with the protein and be part of the crystal. One such protein is osteopontin (OPN).
OSTEOPONTIN: STRUCTURE AND TISSUE DISTRIBUTION
Osteopontin (OPN/2ar/Spp), a phosphorylated glycoprotein, contains 12 phosphoserine residues and a phosphothreonine residue and is devoid of methionine (Prince et al., 1987) . The protein binds to hydroxyapatite, facilitates the attachment of cells to tissue-culture plastic, and contains a Gly-Arg-Gly-Asp-Ser (GRGDS) amino acid sequence that serves as a recognition signal for interaction with the α v β 3 cell surface integrin receptor (Ross et al., 1993) . The OPN gene is expressed in embryonic skeletal tissue as well as in adult tissues, normal and transformed bone cells, and in some cells of the bone marrow. In addition, OPN is found in certain nonosseous tissues such as kidney, the sensory epithelium of the embryonic ear, and the placental decidua. Chicken OPN has 35% homology in the protein sequence and 65% homology at the nucleotide level with the mammalian OPN (Castagnola, et al., 1991) . Expression of the OPN gene, OPN phosphorylation, and secretion are tissue specific and are subject to regulation by many hormones, growth factors, tumor promoters, and oncogenes. For example, expression of OPN in osteoblast-like cells is stimulated by 1,25(OH) 2 D 3 , transforming growth factor β, and basic fibroblast growth factor and is inhibited by parathyroid hormone (PTH) and dexamethazone. In contrast, secretion of OPN by rat kidney cells is inhibited by transforming growth factor β and EGF.
OPN AND EGGSHELL FORMATION
By means of in situ hybridization, OPN gene expression has been detected only in the ESG (Pines et al., 1996) , where massive calcification occurs; none was detected in any other part of the oviduct, such as the magnum or isthmus, at any stage of the egg diurnal cycle. The OPN gene was expressed in a circadian fashion during the daily egg cycle only during the period of eggshell calcification. The matching of the oscillation of OPN gene expression with the egg cycle was specific to the ESG and was not found in other OPN-producing tissues such as the kidney. No OPN gene expression was detected in the ESG of a prelaying hen before the onset of reproduction or after forced removal of the egg close to its entry into the ESG. The epithelial cells of the ESG lining the lumen synthesized the OPN (Figure 1 ). Upon synthesis, OPN is immediately secreted out of the cells and accumulates in the eggshell. Calbindin, a calcium-binding protein, has also been found to be synthesized by the ESG in circadian fashion (Nys et al., 1989; Bar et al., 1992) , but, unlike OPN, it was stored in the tubular gland cells of the ESG (Wasserman et al., 1991) . The levels of plasma hormones such as PTH and of gonadal and other hormones, as well as the concentration of PTH-related peptide (PTHrP) in the oviduct, oscillate during the diurnal egg cycle and may be involved in the regulation of the matrix protein synthesis.
MECHANICAL STRAIN AS INDUCER OF OPN GENE EXPRESSION IN THE ESG
We evaluated the regulation of the OPN gene expression by nonhormonal stimuli, such as calcium flux and mechanical strain, during the daily egg cycle in the oviduct of the laying hen (Lavelin et al., 1998) . After the egg enters the ESG, the OPN gene is expressed by the epithelium cells in two waves: first by the basal cells and only then by the apical cells of the epithelium. A reduction in OPN gene expression was observed 1 h prior to lay. The calbindin gene, which marks the onset of calcification, was expressed starting 2 h after OPN gene expression. The formation of soft shells was accompanied by a reduction in calbindin but not in OPN gene expression; thus, we concluded that the OPN gene is not regulated by the calcium flux. The application of a mechanical strain comparable to that induced by an egg led to induction of OPN gene expression during a normally quiescent phase in the cyclical expression of this gene. The induction of the gene was time-and strain-dependent and was temporally similar to its induction by the entry of the egg into the ESG. In contrast, the calbindin gene was not affected by mechanical strain. Thus, the ESG of the laying hen provides a system in which to study the effect of a mechanical strain on matrix protein production in vivo, in a relevant physiological setting. The finding suggests that in contrast to expression of the calbindin gene, that of the OPN gene is not regulated by calcium flux but rather by the mechanical strain imposed by the resident egg.
CONCLUSIONS
It is most likely that the matrix proteins participating in crystallization fulfill important functions during the formation of the calcified tissues and contribute to the biomechanical properties of the mature product. We suggest that OPN is part of an array of macromolecules synthesized and secreted by the cells adjacent to the mineralization front that self-assemble outside the cell and direct crystal formation. It is expected that the results obtained from similar studies will eventually enable the eggshell mechanical strength to be correlated with the levels of particular molecular components in an eggshell. This information is of the utmost importance for future planning strategies to improve hatchability and reduce eggshell cracking: it could be used by geneticists to select for better eggshell quality and could be incorporated into simulation algorithms for profit maximization in egg-laying operations.
